Oxygen isotope effect on the superconductivity and stripe phase in 

Lai.6_:rNdo.4Sr^Cu04 
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The oxygen isotope effect on the superconductivity, stripe phase and structure transition is system- 
atically investigated in Lai.6-xNdo.4Sr3;Cu04 with static stripe phase. Substitution of ^''O by 
leads to a decrease in superconducting transition temperature Tc, while enhances the temperature 
of the structural transition from low-temperature-orthorhombic (LTO) phase to low-temperature- 
tetragonal (LTT) phase. Compared to the Nd free sample, a larger isotope effect on Tc is observed 
in Lai.6-iNdo.4Sra;Cu04. These results indicate that the distortion of Cu02 plane suppresses the 
superconductivity, giving a direct evidence for the competing of stripe phase and superconductivity 
because the distortion of Cu02 plane enhances the stripe phase. 

PACS numbers: 71.38.-k, 74.62. Yb, 31.30.Gs 



High critical temperature (Tc) superconductor is 
widely studied since the discovery of La2_a;Baa;Cu04 
in 1986. However, the properties of these materials 
are hardly to be explained by BCS theory which is 
successful in explaining the properties of conventional 
superconductor. It's still an open question for the 
mechanism of high temperature superconductivity in 
cuprates. Among numerous theoretical models, stripe 
phase has attracted considerable attention that the spin 
and charge in high Tc superconductors distributes in- 
homogeneous and forms " stripe" [H, H, Q . It was experi- 
mentally observed by neutron scatteringor other method 
in La2Cu04-based systemi, i, S 0,11, i. El [O, [3 
and YBa2Cu30y[ll, [H, [l5l |7 It generally appears that 
the fluctuating stripe promote to superconductivity, but 
static stripe may suppress superconductivity . How- 
ever, there is evidence that it is local magnetic order 
rather than charge-stripe order which is responsible for 
the anomalous suppression of superconductivity [l7j . 

In La2Cu04 system, several structural phase transi- 
tions occur with dopin g of alkaline-earth and rare-earth 
metals [H [ll [H SISI, ill. With decreasing tem- 
perature a transition from high-temperature-tetragonal 
(HTT) phase to low-temperature-orthorhombic (LTO) 
phase, then low-temperature-tetragonal (LTT) phase (or 
Pccn phase, depends on the hole concentration) was ob- 
served. The LTO and LTT phases involve distortion 
of Cu02 planes due to the tilting of CuOg octahedras 
producing stripe pinning potential. Here we call the 
temperature T^t at which the structure transition from 
LTO to LTT occurs. In La2-a;-yNdySr^Cu04, the sub- 
stitution of La by Nd enhances the pinning potential, 
which pins the stripe from fluctuating (Nd free sample) 
to static 0, [I]. When a; = 1/8 there is an anomalous 
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suppression of superconductivity due to the stripe phase. 
In Lai.6-a;Ndo.4Sra;Cu04, neutron diffraction experiment 
shows that the charge ordering and structural transi- 
tion are essentially coincident for x=0.10 and 0.12(8l.ll7|: 
however, the change ordering occurs significantly below 
the structural transition temperature Tf/rppTj. Several 
groups have investigated the relationship among struc- 
tural distortion, stripe phase and superconductivity, us- 
ing high-pressure to control the structure transition and 
superconductivity [13, [2^. It was found that the hydro- 
static pressure lower than 5 GPa compresses the Cu02 
planes, which weakens the pinning potential, suppresses 
the LTT distortion and enhances the superconductivity. 

It is well known that the isotope effect study is 
very important in the conventional superconductors in 
which ac=- dlnTc/dlnMo=0.5, and is the illation of 
BCS theory. Although many believe that antiferro- 
magnetism is important for superconductivity, there has 
been renewed interest in possible role of electron-lattice 
couphngjH, [2^. Therefore, the research of isotope 
substitution is necessary to study mechanism of high- 
Tc superconductivity. Several oxygen isotope substi- 
tution experiments have been done in La2-iSr:rCu04 
and La2-xBaa,Cu04 with fluctuating stripe phase, and 
a large isotope exponent (an ~ 1) on Tc was found 
near 1/8 doping p6l [27l. [28l. l29j . To check possible change 
in the isotope effect induced by Nd doping and investi- 
gate the relationship among structural distortion, stripe 
phase and superconductivity, we systematically study 
the oxygen isotope effect in Lai.6-£i;Ndo.4Sra;Cu04 with 
x=0.10, 0.125, 0.15 and 0.175. It is found that Tc is 
suppressed, while T^t is enhanced with the substitution 
of ^^O by ^^O, indicating that the distortion of Cu02 
plane suppresses superconductivity. Because the charge 
ordering and structural transition are essentially coinci- 
dent for x=0.10 and 0.12, therefore, in this sense the 
results of isotope effect definitely provide an evidence for 
the competing between stripe phase and superconduc- 
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FIG. 1: Temperature dependence of resistivity for the sam- 
ples Lai.6-:cNdo.4Sra:Cu04 with x = 0.10, 0.125, 0.15 and 
0.175 treated in ^'^O. The arrows indicate the LTO-LTT tran- 
sition temperature Tlt- Inset shows the derivative curves of 
resistivity near Tlt- 



tivity. Compared to the Nd free sample with fluctuating 
stripe phase, a larger isotope exponent ac is observed in 
Lai.6-a;Ndo.4Sra;Cu04 with static stripe phase, suggest- 
ing a strong electron-lattice coupling in cuprates. 

PolycrystalHne samples Lai.6-a;Ndo.4Sra;Cu04 for x = 
0.10, 0.125, 0.15 and 0.175 were prepared by conventional 
solid-state reaction. All samples were characterized by X- 
ray diffraction (XRD) and no observable impurity phase 
is found. One pellet for each sample with different x 
was cut into two pieces for oxygen-isotope diffusion. The 
two pieces for each composition were put into an alumina 
boat which were sealed in a quartz tube filled with oxy- 
gen pressure of 1 bar (one for ^^02 and another for ^'^02) 
mounted in a furnace, respectively. The quartz tubes 
formed parts of two identical closed loops. They were 
first heated at 980 °C for 90 h, then slowly cooled to 500 
°C, kept for 10 h and finally cooled to room temperature 
with furnace. The obtained samples were re-examined 
by X-ray diffraction to confirm them single phase. The 
oxygen-isotope enrichment is determined by the weight 
changes of both ^^O and ^^O samples. The ^^O samples 
have about 80%( ±5%) ^^O and 20%( ±5%) ^^O. To 
ensure the isotope exchange effect, back-exchange of ^^O 
sample by ^^O was carried out in the same way and the 
weight change showed a complete back-exchange. Resis- 
tance measurements were performed using the ac four- 
probe method with an ac resistance bridge system (Lin- 
ear Research Inc. LR-700P). To reduce the experimental 
deviation, each couple of ^^O and samples are mea- 
sured synchronously in a cooling process. 

Temperature dependence of resistivity for the samples 
Lai.6-a;Ndo.4Sra;Cu04 with x = 0.10, 0.125, 0.15 and 
0.175 treated in ^^O are shown in Fig.l. Tc (defined as 
the midpoint of superconducting transition in resistivity) 
is IIK, 7.9K, 17.8K and 25K for x=0.10, 0.125, 0.15 and 



FIG. 2: Temperature dependence of resistivity near the su- 
perconducting transition for the ^^O and samples with x 
= 0.125 . 



0.175, respectively, bein g co nsistent with that reported 



. The suppression of Tc 
331 is attributed to the 



in other literatures [i,[T3j23, 113 
compared with La2-£cSr2;Cu04 
static stripe phase induced by the substitution of Nd for 
La atoms[^. The abnormal suppression on Tc near 1/8 
doping can be clearly seen in our samples, that is, the Tc 
is the least for the sample with x=0.125. A small resistiv- 
ity jump appears at about 70K, which is indicated by an 
arrow and regarded as the signal of structural transition 
from LTO to LTT[i3, [H- To show this jump clearly, 
the temperature dependence of derivative of resistivity is 
shown in the inset of Fig.l. A dip can be seen clearly 
in the derivative curve. Here we define Tlt as the dip 
temperature: 66. 7K, 71K, 73.1K and 80K for x = 0.10, 
0.125, 0.15 and 0.175, respectively. Tlt increases with 
increasing Sr doping, consistent with that reported in 
Ref.[l3. 

Figure 2 shows the temperature dependence of resis- 
tivity near the superconducting transition for the sample 
with X — 0.125. It should be pointed out that the super- 
conducting transition is a little broadening, which may 
be caused by the fluctuation of Sr, Nd and/or O con- 
tents. Tc is 7.9K and 6.6K for ^^O and ^^O samples, 
respectively. To ensure the change of Tc from isotope 
substitution, back-exchange of ^^O sample by ^^0 was 
performed. Fig. 3 shows the Raman spectra at room tem- 
perature for the sample with x = 0.125. The apical O 
stretch mode is softened from 433(±1) cm~^ to 413(±1) 
cm~^ by the substitution of ^^O for ^^O. This frequency 
shift of 4.6%±0.3% suggests about 79% ^^O substitu- 



tion because Raman shift is in proportion to l-^yl6/AI' 
[30l.[3ll|. The "'^^O substitution estimated by Raman shift 
is consistent with the result obtained from weight change. 
For comparison, p{T) of back-exchanged samples are also 
shown in Fig. 2. Two ^^O/^^O samples show the same 
Tc, which definitely indicates the change of arises 
from the oxygen isotope exchange. The isotope expo- 
nent on Tc in this sample ac = - dlnTc/dlnAfo is 1.89, 
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FIG. 3: Raman spectra at room temperature for the ^^O and FIG. 4: Temperature dependence of resistivity near the struc- 

samples with x = 0.125. A 514.5 nm Ar-laser hue was ture transition for the ^^O and samples of a; = 0.125. 
used as the excitation line. 



much larger than 0.5 deduced from BCS theory. 

The phonon-mediated BCS theory shows that in con- 
dition of weak electron-phonon couphng the increase 
in lattice mass enhances the effective mass of charge 
carriers m"^, and lowers the superconducting gap A, 
and finally suppresses Tc- This used to be success- 
ful in explaining the isotope effect in most of conven- 
tional superconductors, but failed in ex pla ining the iso- 
tope effect in high Tg superconductor |33|. Especially 
in La2_i,Sr2.Cu04[2l, [23, [H, [2§| the isotope exponent 
around 1/8 doping is about 1. Zhao et al..2&„ ex- 
plain this with small polaron theory that the effective 
mass of supercarriers depends strongly on the oxygen- 
isotope mass in deeply underdoped regime, indicating 
strong electron-phonon coupling in it. The isotope expo- 
nent ac ~ 1-89 in Lai.6-a;Ndo.4Sr2;Cu04 with x=0.125 
is much larger than that (~ 1.0) in the Nd free sam- 
ple La2_2;Sra;Cu04. It indicates a stronger electron- 
lattice coupling in Lai.6-a;Ndo.4Sr2:Cu04. Nd doping in- 
duces a structural transition from LTO to LTT, which 
pins the stripe phase from fluctuating (Nd free sam- 
ple) to static [3, Q and enhances the distortion of Cu02 
plane ^20^. It has been reported in manganites that lattice 
distortion tends to introduce stronger electron-phonon 
couphng[33]. Therefore, the electron coupled to the more 
distorted Cu02 plane induced by Nd doping is responsi- 
ble for the larger isotope exponent relative to the Nd free 
sample. 

Figure 4 shows the temperature dependence of resis- 
tivity near Tlt for the samples of a; = 0.125. T^t is 
enhanced from 71K to 72. 3K with the substitution of 
-^^O by ^*0, the isotope exponent aLT is about -0.19. As 
shown in Fig. 4, the resistivities are almost the same for 
the back-exchanged samples. It ensures that the change 
in Tlx arises from the isotope effect. The increase of 
Ti^T indicates the enhancement of stabilization for LTT 
phase, suggesting the enhancement of distortion in Cu02 
plane by substitution of ^^O by ^^O. As shown in Fig. 2 



and Fig. 4, the substitution of ^^O by ^^0 leads to a de- 
crease in Tc and an increase in T^t- The oxygen isotope 
effect provides an evidence that the distortion of Cu02 
plane suppresses the superconductivity, being consistent 
with the increase of Tc by lowering the impact of the 
disorder in Bi2212[34|. It has been reported that the 
charge ordering and structural transition are essentially 
coincident for x=0.10 and 0.12(1, [13. Therefore, the in- 
crease of Tlt indicates the enhancement of charge stripe, 
suggesting the competing between the stripe phase and 
superconductivity. 

For the samples Lai.6-2:Ndo.4Sra;Cu04 with x=0.10, 
0.15 and 0.175, the oxygen isotope exponents for su- 
perconducting transition ac are 1.24, 0.98, 0.33, while 
for structural transition ult are -0.32, -0.20, -0.17, re- 
spectively. All samples show that the substitution of 
^^O by leads to a decrease in Tc and an increase 
in Tlt- Sr content dependence of oxygen isotope ex- 
ponent for superconducting transition ac and struc- 
tural transition aj^x is shown in Fig. 5. The largest 
ac is observed in the sample with x=0.125, such 1/8 
anomaly for ac has been reported in La2Cu04-based 
superconductors [H, [13, [H, [23|. However, the aLT de- 
creases with increasing Sr content. For comparison, ac 
reported in La2-a;Sr3;Cu04 [H [H, [s^, HE Ull is also 
shown in Fig. 5. It clearly shows a trend that ac de- 
creases with increasing Sr content except for an anomaly 
around x=0.125 in La2-a;Sra:Cu04. Our observation in 
Lai.g_a;Ndo.4Sra;Cu04 shows similar trend except that 
ac for all Nd doped samples is larger than that in 
La2_3;Sr2;Cu04. It further indicates that the stronger 
distortion of Cu02 plane induced by Nd doping leads 
to a stronger electron-lattice coupling. The sample with 
X = 0.10 shows the largest aLT value, which may be 
due to the approach to the phase boundary from LTO 
to LTT/Pccn for this Sr content [l3|. The large isotope 
effect caused by the instability of lattice around phase 
boundary has also been found in cobalt [STj. 
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FIG. 5: Qc (solid squares) and as (solid circles) as a function 
of X for Lai.6-a;Ndo.4Sra;Cu04. For comparison, Qc from the 
previous works is also depicted for polycrystalline and single 
crystals La2-iSri,Cu04. The dash line guides eyes. 

In the phase diagram of La2-a;-i;Ndj,Sra;Cu04 system, 
Tlt and the temperature of occurrence of stripe phase 
increases simultaneously with keeping Sr content con- 
stant and increasing Nd content [l7j. Therefore, it can 
be believed that substitution of ^^O by leads to an 
increase of T^t, consequently to enhancement of stripe 
phase. With keeping Nd content unchanged and in- 
creasing Sr doping level, the temperature where stripe 
phase occurrs shows a hump as a function of Sr dop- 
ing level, while T^t increases with increasing Sr dop- 
ing level [17|. The suppression of stripe phase for x>l/8 
is just caused by the deviation of hole concentration 
from 1/8. In our case, the oxygen isotope substitu- 
tion doesn't change the hole concentration. Therefore, 
the increasing of Tlt caused by substitution of ^^O by 



^^O for each composition indicates the enhancement of 
stripe phase. These results show us a direct evidence 
for the competing between static stripe phase and su- 
perconductivity. Recently, Reznik et al. found that 
a strong anomaly in Cu-0 bond-stretching phonon in 
La2-3;Sr2;Cu04 appears in superconducting doping level, 
while disppears in non-superconducting doping level. It 
suggests the importance of electron- pho non coupling to 
the mechanism of superconductivity [38|. The anomaly 
is the strongest in the samples with static stripe phase: 
La1.48Ndo.4Sro 12CUO4 and La2_a;Ba2:Cu04. Our isotope 
substitution confirms the strong electron-phonon cou- 
pling in Lai.6-a;Ndo.4Srj;Cu04 system, and supports the 
importance of electron-phonon coupling to the mecha- 
nism of superconductivity for high T^ superconductors. 

In conclusion, oxygen isotope effect is systematically 
studied in Lai.6-ccNdo.4Sra;Cu04 with static stripe phase. 
Tc is suppressed and T lt is enhanced with the substitu- 
tion of ^^O by ^*0. These results provide an evidence that 
the distortion of Cu02 plane suppresses the superconduc- 
tivity, and there exists a competing between static strip 
phase and superconductivity, ac shows 1/8 anomaly, 
similar to that the observation in Nd free sample. Larger 
oxygen isotope effect on Tc is observed compared to 
the Nd free samples. It indicates that stronger distor- 
tion of Cu02 plane leads to a stronger electron-phonon 
coupling. In addition, our results confirm the strong 
electron-phonon coupling in the Lai.6-2;Ndo.4Sra;Cu04. 
It is well known that distortion of Cu02 plane is common 
feature shared by high-Tc cuprates. Therefore, electron- 
phonon coupling should play important role in the mech- 
anism of high-Tc superconductivity 
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